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A b s t r a c t  

B e l g i a n  coal on HyPy i s  s t a d i e a  i n  a thermobalance.  The p r e s e n c e  of  
II S d o e s  n o t  improve t h e  t o t a l  o i l  y i e l d ,  b u t  i n c r e a s e s  t h e  o i l  
e 3 o l u t i o n  rate. Thus, HyPy can b e  performed a t  a tempera ture  60.C 
lower i n  H S / H  P-HyPy t h a n  i n  normal  HyPy, r e s u l t i n g  i n  an  i n c r e a s e  
i n  t h e  e f f g c i e z c y  of  hydrogen u t i l i z a t i o n .  Sulphur  i s  added t o  c o a l  
d u r i n g  H S/H p r e t r e a t m e n t  s t a g e  and i s  removed i n  t h e  f o l l o w i n g  HyPy 
s t a g e ,  i A d i c Z t i n g  t h a t  H S does  n o t  a c t  as a real  c a t a l y s t .  A k i n e t i c  
a n a l y s i s  shows t h a t  t h e  i c t i v a t i o n  energy  i n  t h e  i n i t i a l  s t a g e  of o i l  
format ion  i n  H S / H  P-HyPy i s  remarkably  reduced as compared w i t h  t h a t  
i n  H P-HyPy. 15 i s 2 s u g g e s t e d  t h a t  H S acts as a hydrogen donor  t o  
impr6ve hydrogen t r a n s f e r  and to  g e i e r a t e  t h e  a c t i v e  s u l p h u r  r a d i c a l s  
f o r  easier s a t u r a t i o n  of  f r e e  r a d i c a l s  formed p y r o l y t i c a l l y .  

T h e  i n f l u e n c e  of 5 %  H S/Il p r e t r e a t m e n t  of a b i tuminous  Ber ingen  

I n t r o d u c t i o n  

Hydrogen p r e t r e a t m e n t  of  coal was r e p o r t e d  t o  be e f f e c t i v e  i n  
improving b o t h  t h e  y i e l d  and t h e  q u a l i t y  of  t h e  o i l  i n  t h e  f o l l o w i n g  
hydropyrolys is (HyPy)  (1). I t  is  still  i n t e r e s t i n g  t o  f i n d  a way t o  
a c c e l e r a t e  t h e  ra te  of  o i l  f o r m a t i o n  a t  l o w  tempera ture  i n  o r d e r  t o  
i n c r e a s e  t h e  hydrogen u t i l i z a t i o n  e f f i c i e n c y  due t o  t h e  d e c r e a s e  i n  
t h e  f o r m a t i o n  o f  l i g h t  hydrocarbon g a s e s .  

and a p p e a r s  t o  b e  a hydiogen donor ( 2 - 5 ) .  The a c t i v a t i o n  energy  f o r  
hydrogen t r a n s f e r  and t h e  t e m p e r a t u r e  n e c e s s a r y  t o  promote e f f e c t i v e  
hydrogen t r a n s f e r  a r e  bound t o  d e c r e a s e ( 6 , 7 ) .  The r e a c t i o n  between 
H 2 S  and f r e e  r a d i c a l s  formed p y r o l y t i c a l l y  is much f a s t e r  t h a n  t h a t  
between H 2  and r a d i c a l s ,  even  w i t h  t h e  a d d i t i o n  of  o n l y  a s m a l l  
amount of  H2S under  lower t e m p e r a t u r e ( 8 ) .  According t o  several 
r e p o r t s  on coal l i q u e f a c t i o n ( 9 - 1 1 ) ,  5% I1 S i n  H seems t o  be enough 
e f f e c t i v e  t o  o b t a i n  t h e  h i g h e s t  c a t a l y t i g  a c t i v i i t y .  

I t  is  known t h a t  H S can  act  as a hydrogen t r a n s f e r  c a t a l y s t  

The purpose  of  t h i s  paper  i s  t o  examine t h e  i n f l u e n c e  of  c o a l  
p r e t r e a t m e n t  w i t h  5% €i S i n  H on  HyPy u s i n g  a thermogravimetry 
s tudy .  The comparison g e t w e e n l t h e  p r e t r e a t m e n t  under  H 
a t  673 K and 3 MPa i s  i n v e s t i g a t e d  i n  d e t a i l  w h i l e  t h e 2 e f f e c t g  o f 2  
€1 S/H p r e t r e a t m e n t  a t  o t h e r  t e m p e r a t u r e s  are s imply  compared. A 
k z n e t z c  a n a l y s i s  i s  a t t e m p t e d  t o  o b t a i n  f u r t h e r  i n f o r m a t i o n  f o r  t h e  
e x p l a n a t i o n  o f  t h e  H2S f u n c t i o n .  

and H S/H 

Exper imenta l  

A two-pin thermobalance  w i t h  a sample of  0.1 g is  used i n  t h i s  
s tudy .  The a p p a r a t u s  h a s  been d e s c r i b e d  e l s e w h e r e ( l 2 ) .  The on- l ine  
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gas  a n a l y s i s  i s  c a r r i e d  o u t  by g a s  chromatography w i t h  a m e t h a n i z e r  
us ing  N i  as a c a t a l y s t  f o r  t h e  q u a n t i t a t i v e  d e t e c t i o n  of  g a s  
components CHI, C 2 H 4 ,  C2H6, CO and C02. 

Hydrogen p r e t r e a t m e n t ( H  P)  and H S/H pretreatment(H2S/H P) are 
performed under  3 MPa w i t h  algas f l o w 2 r a t i  o f  1 l/min and a h g a t i n g  
r a t e  o f  5 K/min up t o  673 K(or a t  o t h e r  t e m p e r a t u r e s )  f o r  30 min. I n  
t h e  H P-HyPy p r o c e s s ,  HyPy i s  run u p t o  1100 K d i r e c t l $  a f t e r  
p r e t r & a t m e n t ,  w h i l e  i n  t h e  H S/H P-HyPy p r o c e s s ,  t h e  reactor i s  
f i r s t  evacuated  t o  remove H 2 fog la ter  a n a l y s i s  o f  t h e  g a s ,  HyPy i s  
then  o p e r a t e d  under  3 MPa a8d a h e a t i n g  r a t e  of  5 K/min w i t h  a g a s  
flow rate o f  1 l/min. 

A b i tuminous  Ber igen  B e l g i a n  coal i s  ground t o  less t h a n  90 um 
f o r  t h i s  s t u d y .  I ts  c h a r a c t e r i s t i c s  are g i v e n  i n  T a b l e  1. 

The c o n t e n t  of  combust ib le  s u l p h u r  i n  t h e  p r e t r e a e d  coal and 
char  i s  a n a l y s e d  by means of  C a r l o  Erba Elementa l  AnalyserOlodel  1106)  
w i t h  a paropok column(1/4" X 0.8 m ) .  

The d a t a  on g a s  composi t ion  o b t a i n e d  by G.C. i s  c o r r e c t e d  i n  
o r d e r  t o  e l i m i n a t e  t h e  i n f l u e n c e  o f  t h e  t ime- lag  i n  g e t t i n g  p r o d u c t  
g a s e s  t o  G.C.. The oil y i e l d  i s  g i v e n  by carbon b a l a n c e .  The carbon 
c o n t e n t  i n  c h a r  a t  v a r i o u s  t e m p e r a t u r e s  i s  a n a l y s e d  i n  o u r  l a b o r a t o r y  
( 1 3 ) .  The carbon c o n t e n t  i n  o i l  is  found t o  be 8 4  2 2%.  

K i n e t i c  a n a l y s i s  

The t h e r m a l  decomposi t ion  of coal can b e  d e s c r i b e d  as: 
ax = Aexp(-E/RT) ( 1 - X ) "  1) 

ax = i e x p  (-E/RT) ( 1-x) 

d t  
Assuming f i r s t  o r d e r  f o r  t h e  ra te  o f  m a s s  loss a t  a c o n s t a n t  

h e a t i n g  ra te ,  w e  o b t a i n :  

2 )  dT 
where m i s  t h e  h e a t i n g  r a t e ,  x t h e  decomposed f r a c t i o n ( o n  t h e  
decomposable b a s i s ,  h e r e  based on t h e  w e i g h t  loss a t  913 K a t  which 
o i l  e v o l u t i o n  is ended)  and A, E and R are t h e  u s u a l  A r r h e n i u s  
e q u a t i o n  t e r m s .  The i n t e g r a t i o n  of  e q u a t i o n ( 2 1 ,  by u s i n g  t h e  
i n t e g r a l  approximat ion  m e t h o d ( l 4 ) ,  g i v e s  

3 )  2 AR I n ( - l n ( 1 - x ) / T  ) = I n ( =  / (1+2RT/E))-  E/RT 

S ince  2RT/E i s  much less than  u n i t y  a t  moderate  t e m p e r a t u r e  and h i g h  
a c t i v a t i o n  e n e r g i e s ,  t h e  v a l u e  of (1+2RT/E) i s  assumed c o n s t a n t .  
Thus, t h e  k i n e t i c  p a r y e t e r s  from e q u a t i o n  ( 3 )  can  b e  de te rmined  by 
p l o t t i n g  l n ( - l n ( l - x ) / T  ) v e r s u s  1/T. For  l o w  a c t i v a t i o n  energy ,  t h e  
v a l u e  Of 2RT/E can  n o t  b e  n e g l i g i b l e .  Equat ion  ( 3 )  can  b e  r e w r i t t e n  
as: 

l n ( - l n ( l - x ) / T * )  + ln(l+2RT/E) = l n g  - E/RT 4 )  
A more a c c u r a t e  v a l u e  of  E ii o b t a i n e d  by u s i n g  t h e  f i r s t  approximate  
E and p l o t t i n g  l n ( - l n ( l - x ) / T  + In(l+2RT/E) v e r s u s  1/T. 
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R e s u l t s  and DisCUSSiOn 

1. Comparison of  H2P-HyPy and 112S/I12P-HyPy 

The i n f l u e n c e  of  p r e t r e a t m e n t  w i t h  5 %  H S/H on HyPy under 3 MPa 
and 5 K/min a t  673 K f o r  30 min is  f i r s t  s t u 8 i e d 2 t o  compare t h e  
results o b t a i n e d  i n  H P-HyPy under  same c o n d i t i o n s .  F i g u r e  1 shows 
t h e  comparison i n  y i e l d s  of  c h a r ,  o i l  and g a s .  The c o n v e r s i o n  i n  
H S/H P-HyPy i s  a b o u t  4 % ( w t % )  h i g h e r  t h a n  t h a t  i n  H P-HyPy. Before  
880 K'the h i g h e r  c o n v e r s i o n  is  mainly a t t r i b u t e d  t o 2 t h e  h i g h e r  oil 
y i e l d  w h i l e  a f te r  880 K i t  comes from t h e  d i f f e r e n c e  i n  g a s  y i e l d .  
F i g u r e  2 and 3 show t h e  y i e l d s  of CII , C2H , CO and CO 
K t h e  CH 
which m a 4  relate t o  t h e  higheg oit y i e l d  a t  l o w e r  t empegature  i n  
H S/H P-IiyPy b e c a u s e  H S can  change t h e  r o u t e  o f  c l e a v a g e  of some 
bands? S u r p r i s i n g l y ,  iz i s  found t h a t  a t  h i g h e r  t e m p e r a t u r e s , t h e  
d i f f e r e n c e  i n  g a s  y i e l d ,  which l e a d s  t o  h i g h e r  c o n v e r s i o n  i n  
H S/H P-HyPy, r e s u l t s  from t h e  i n c r e a s i n g  CO y i e l d  w i t h  an  i n c r e a s e  ii tempera ture .  I n  11 P-IIyPy, l t k e  HyPy, t h e  e v o l u t i o n  of CO is e n d e d  
a t  about  1000 K. The2reason  why CO enhances w i t h  i n c r e a s i n g  
tempera ture  and more CO i s  formed might b e  t h a t  H S reacts w i t h  
e t h e r  groups  t o  form p h e n o l i c  hydroxyl  groups  a c c a r d i n g  to  the 
f o l l o w i n g  r e a c t i o n  (10)  : 

Before  1100 
y i e l d  is lower i n  H S / H  P-AyPy &an t h a t  i n  6'P-HyPyI 

R-0-R'  + H2S + ROH + R'SH 
Then, hydroxyl  g r o u p s  decompose to  CO a t  h i g h e r  t e m p e r a t u r e ( l 5 , 1 6 ) .  

and H S/Ii P-HyPy. I t  is clear t h a t  a l t h o u g h  t h e  maximum oil y i g l d  is 
same 2n t6ese t w o  p r o c e s s e s ,  t h e  oil y i e l d  formed d u r i n g  t h e  
p r e t r e a t m e n t  s t a g e  i s  h i g h e r  and t h e  oil r e a c h e s  t h e  maximum y i e l d  
more q u i c k l y  i n  H S/H P-HyPy. T h i s  d e m o n s t r a t e s  t h a t  t h e  r e a c t i o n s  
between H S and f g e e  Z a d i c a l s  formed p y r o l y t i c a l l y  are much f a s t e r  
than  t h a t 2 b e t w e e n  H and r a d i c a l s .  I t  i s  a l s o  observed  t h a t  t h e  oil 
e v o l u t i o n  e n d s  aboug 60.C ear l ier  i n  H S/H P-HyPy as compared w i t h  
H P-HyPy. F i g u r e  5 g i v e s  t h e  compar iso i  of2hydrogen  u t i l i z a t i o n  i n  
H2P-HyPy and H S/H P-HyPy. For  t h e  same oil y i e l d ,  a h igh  amount of  
& t a l  hydrogen2in  a a s e o u s  compounds means more hydrogen b e i n g  
consumed i n  t h e  f o r m a t i o n  o f  hydrocarbon g a s e s .  One i m p o r t a n t  f a c t o r  
i n  t h e  economics of  t h e  c o a l  hydrogenat ion  p r o c e s s  i s  t h e  hydrogen 
consumption. For  t h i s  r e a s o n ,  i t  i s  d e s i r a b l e  t h a t  t h e  format ion  o f  
gaseous p r o d u c t s  which consume more H b e  minimized w h i l e  l i q u i d s  a r e  
maximized. Thus, u s i n g  H S p r e t r e a t m e i t ,  HyPy can be performed a t  
lower t e m p e r a t u r e ,  r e s u l g i n g  i n  an  i n c r e a s e  i n  t h e  e f f i c i e n c y  o f  
hydrogen u t i l i z a t i o n  due  to  t h e  d e c r e a s e  in t h e  f o r m a t i o n  of  l i g h t  
hydrocarbon gases. The s t u d y ( l 7 )  on t h e  r e a c t i o n  o f  H S w i t h  model 
compounds a l s o  found t h a t  t h e  a d d i t i o n  o f  H S r e d u c e d 2 r e d u c t a n t  
consumption as much as t h r e e - f o l d  w h i l s t  ma2nta in ing  h i g h  oil y i e l d  
l e v e l s  when t h e  r e a c t i o n  tempera ture  w a s  reduced by 60.C. 

H S/H p r e t r e a t e d  coal, H p r e t r e a t e d  coal and c h a r s  o b t a i n e d  i n  
H2S/H2P-HyPy and HyPy. Afger  H S / H  ifi p r z t r e a t e d  coal i n c r e a s e s  f lom 8.42% t o  1.11% as compred w i t h  
t h a t  i n  H 2  p r e t r e a t e d  coal, showing t h a t  H 2 S  does  n o t  a c t  as a real  

F i g u r e  4 s h o w s  t h e  comparison of o i l  e v o l u t i o n  ra tes  i n  H P-HyPy 

T a b l e  2 g i v e s  t h e  comparison of combust ib le  s u l p h u r  c o n t e n t  i n  

p r e t r e a t m e n t  t h e  s u l p h u r  c o n t e n t  
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c a t a l y s t .  However, t h e  s u l p h u r  c o n t e n t  i n  c h a r  i n  H S/H P-HyPy i s  
a l m o s t  t h e  same as t h a t  i n  HyPy. T h i s  i m p l i e s  t h a t  She g d d i t i o n a l  
s u l p h u r  i n  H S/H p r e t r e a t m e n t  stage w i l l  be  removed i n  t h e  f o l l o w i n g  
HyPy stage, Teav3ng t h e  s u l p h u r  c o n t e n t  i n  c h a r  unchanged. Thus, i t  
i s  s u g g e s t e d  t h a t  H S acts as a hydrogen donor  t o  improve t h e  
hydrogen t r a n s f e r  aAd t h e  r e a c t i o n s  between H S and c o a l  f o l l o w  free 
r a d i c a l  c h a i n  mechanism, i n v o l v i n g  t h e  a c t i v e 2 s u l p h u r  r a d i c a l s  - SH as 
i n t e r m e d i a t e  as f o l l o w s :  

i n  H ~ S / H ~  p r e t r e a t m e n t  s t a g e ,  
R. + H2S + RH + .SH 
R' + *SH -t R S H  

i n  t h e  f o l l o w i n g  HyPy s t a g e ,  
.SH + i f2  + H ~ S  + . n  
R S H  + H 2  + RH + H2S 

F i g u r e  6 g i v e s  t h e  comparison of  k i n e t i c  c u r v e s  i n  H P-HyPy and 
H S / H  P-HyPy. Table  3 l i s t s  t h e  k i n e t i c  parameters .  HyPy $an be 
r8ughi!y d i v i d e d  i n t o  t h r e e  s t a g e s :  t h e  p y r o l y t i c  s t a g e  a t  t e m p e r a t u r e  
below 750 I<; hydrogenat ion  i n  t e m p e r a t u r e s  r a n g i n g  from 750 to 850 K; 
and t h e  hydrocracking  s t a g e  a t  h i g h e r  t e m p e r a t u r e s .  I n  t h e  p y r o l y t i c  
s t a g e  t h e  f r e e  r a d i c a l s  a r e  main ly  s a t u r a t e d  by i n t e r n a l  hydrogen 
w h i l e  a t  t h e  hydrogenat ion  s t a g e  t h e y  are s t a b i l i z e d  by gaseous  
hydrogen. The p r e s e n c e  of H S d e c r e a s e s  t h e  a p p a r e n t  a c t i v a t i o n  
energy  as much a s  f o u r - f o l d 2 i n  t h e  p y r o l y t i c  s t a g e  as compared w i t h  
t h a t  i n  t h e  absence of  H S ,  w h i l e  it h a s  no e f f e c t  on t h e  a p p a r e n t  
a c t i v a t i o n  energy  i n  h i g g e r  t e m p e r a t u r e  s t a g e s .  I t  i s  known t h a t  t h e  
bond energy  o f  H is g r e a t e r  t h a n  t h a t  of m o s t  C-H bonds whereas  
t h a t  f o r  H S i s  A o t ( 1 8 ) .  According t o  d a t a  on t h e  r e l a t i v e  bond 
s t r e n g t h s  h o s t  C-S bonds are c l e a v e d  much more r a p i d l y  t h a n  a l m o s t  
a l l  C-C b o n d s (  5 ) .  Thus, t h e  s a t u r a t i o n  of  f r e e  r a d i c a l s  by H2S and 
t h e  c l e a v a g e  o f  t h e  s a t u r a t e d  r a d i c a l s  are much f a s t e r  a t  t h e  l o w  
t e m p e r a t u r e  s t a g e  i n  H2S/H2P-HyPy t h a n  t h a t  i n  H2P-HyPy. 

slow rate of hydrogen d i f f u s i o n  and w i t h o u t  s o l v e n t ,  seems to  be more 
s u b j e c t  t o  mass t r a n s f e r  l i m i t a t i o n ( 1 ) .  During H2S/H 
s t a g e ,  a c o n s i d e r a b l e  amount of o i l  i s  produced ,  whigh r e s u l t s  i n  a 
d e c r e a s e  i n  agglomera t ion  a b i l i t y .  T h e r e f o r e ,  more I1 w i l l  p e n e t r a t e s  
t h e  coal t o  s a t u r a t e  t h e  f r e e  r a d i c a l s  i n  t h e  fol low3ng HyPy stage, 
l e a d i n g  t o  an i n c r e a s e  i n  o i l  e v o l u t i o n  rate. 

H S i s  gengra tgd  w i t h i n  t h e  p r o c e s s .  The problem i s  whether  t h e  
s 6 l p h u r  c o n t e n t  i n  o i l  w i l l  b e  i n c r e a s e d ,  which l e a d s  t o  an  
a d d i t i o n a l  c o s t  i n  t h e  t r e a t m e n t  o f  o i l .  The s t u d i e s ( 5 , l O )  i n  c o a l  
l i q u e f a c t i o n  u s i n g  H S / H  showed a v e r y  s m a l l  i n c r e a s e  i n  t o t a l  
s u l p h u r  i n  l i q u i d s  aAd a 2 v e r y  l a r g e  i n c r e a s e  i n  t o t a l  s u l p h u r  i n  t h e  
r e s i d u e .  I t  might  be p o s s i b l e  t o  o b t a i n  t h e  same q u a l i t y  of o i l  i n  
H S/H2P-HyPy as i n  H2P-HyPy, b u t  t h i s  n e e d s  t o  be proved.  

I t  s h o u l d  be noted  t h a t  HyPy i n  f ixed-bed r e a c t o r ,  due t o  t h e  

p r e t r e a t m e n t  

The H S / H  p r e t r e a t m e n t  of coal c a n  b e  easier performed because  

2 

2.  I n f l u e n c e  of  d i f f e r e n t  p r e t r e a t m e n t  t e m p e r a t u r e  

F i g u r e  7 shows t h e  i n f l u e n c e  of  H2S/H2 p r e t r e a t m e n t  t e m p e r a t u r e  
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r a n g i n g  from 573 to  723 K under  3 MPa f o r  30 min on o i l  y i e l d .  The 
o i l  y i e l d  o b t a i n e d  i n  H S/H P-HyPy i n d i c a t e s  t h e  same tendency  as 
i n  H P-HyPy(1). A f t e r  623 KS t h e  o i l  y i e l d s  i n  H S/H P-HyPy and 
H P-&yPy are h i g h e r  t h a n  t h a t  i n  HyPy. The same 8i l  $ield produced 
i& H S / N  P-HyPy and H P-HyPy shows t h a t  t h e  p r e s e n c e  o f  H S does  
n o t  gmprave o i l  y i e l d ?  However, t h e  o i l  y i e l d  o b t a i n e d  d u l i n g  H2S/H2 
pretreatment s t a g e  is  much h i g h e r  t h a n  t h a t  o b t a i n e d  d u r i n g  H 
p r e t r e a t m e n t  s t a g e .  I n  H P a t  673 K ,  l i t t l e  o i l  i s  produced w h l e  
i n  H S/H P a t  the same d m p e r a t u r e  a b o u t  25% of  t o t a l  o i l  i n  
H S/& P d y P y  is  a l r e a d y  formed. T h i s  f u r t h e r  d e m o n s t r a t e s  t h a t  H 2 S  
c b  r a d u c e  t h e  a c t i v a t i o n  energy  f o r  hydrogen t r a n s f e r  and t h e  
t e m p e r a t u r e  n e c e s s a r y  t o  promote e f f e c t i v e  hydrogen t r a n s f e r .  
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Table  1. Ber ingen  C o a l  A n a l y s i s  

Proximate  A n a l y s i s ( w t % ,  as r e c e i v e d )  U l t i m a t e  A n a l y s i s ( w t % , d a f )  
~ 

Mois ture  1.49 

Ash 4.72 

Vola t i le  Matter 34.52 

C 84.74 
I1 4.86 
N 1.70 
O+S(by d i f f e r e n c e )  8.70 

Table  2. Combust ible  s u l p h u r  C o n t e n t s  i n  P r e t r e a t e d  C o a l  and Char 

P r e t r e a t e d  Coal Char 
3 MPa,673 K,30 min 3 MPa,1073 K 

Coal H2P H2S/H2P HyPy H2S/H2P-HyPy 

S ( w t % , d a f )  1.17 0.42 1.11 0.12 0.18 

Table  3. Comparison of K i n e t i c  P a r a m e t e r s  i n  H2S/H2P-HyPy and 
H2P-HyPy under  3 MPa and  5 I:/min. P r e t r e a t m e n t : 3  MPa,673 K 

P r o c e s s  Tem. Range (K) Eao ( K J / m o l )  A ( l /min)  Coef. C o r r e l a t i o n  

H2P-HyPy 673-750 79.99 7 . 5 8 ~ 1 0 ~  0.979 
750-850 43.08 45.71 0.980 

850-913 74.31 5.1ox1o3 0.991 
~ ~~~ 

H2S/H2P-HyPy 673-750 20.17 0.71 0.977 
750-850 43.08 45.71 0.980 
850-913 74.31 5.1ox1o3 0.991 

2--- 
~~~~~ 

Apparent  a c t i v a t i o n  e n e r g y  o b t a i n e d  by In( - ln(1-x) /T  )+ln(l+ZRT/E) 
v e r s u s  1 / ~ .  
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